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ASSESSMENT OF THIN FILM BATTERIES

BASED ON POLYMER ELECTROLYTES

iIl. Specific Energy vs Specific Power

Y M Z. A. Munshi

B. B. Owens
Corrosion Research Center

e Department of Chemical Engineering and Materials Science

i University of Minnesota

Minreapolis, MN 55455

ABSTRACT

The feasibility of solid state polymer electrolyte batteries for applications such as the
clectric vehicle depends on the variation in the performance levels of the specific energy and
specific power. In this paper efforts have been centered mainly on rechargeable lithium batteries

with electrolyte complexes formed between polyethylene oxide and lithium salts having an ionic

conductivity of 10™* (Qcm)™! and VO3 inserton cathodes. Prismatic unit celis of variable cathode
thicknesses have been modeled and calculated results indicate that high specific energies (~200
Wh/kg) and high specific powers (~700 W/kg) are possible for this battery system utilizing metallic
current collectors. Considerably higher values result for low density metallized plastic current

collectors.

1.0 INTRODUCTION

Considerable efforts are underway at several laboratories around the world to develop an

ali-soiid state rechargeable high energy density polymer electroiyte battery based on lithium anodes
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and insertion cathodes|1 - 5]. The most popular polymer electreiyte studied has been based on
complexes formed between polyethylene oxide and lithium salts.

One of the major shortcomings of this tvpe of battery system s the low ionic
conductivity of the solid polymer electrolyte at amnbient temperatures (107 - 108 (Qem)™!).
Recentiy, however, a number of laboratories have described modified polymer electrolytes with
high ionic conductvity at room temperature (105- 1073 (Qcm) H[6 - 9]. This has led 1o the
industrial development of this type of battery system in a number of countries. Current efforts are
focused on developing batteries for a number of applications, including electric vehicles[1,10].
Performance darta indicate that if polymer electrolyte batteries can be successfully scaled up. they
should provide up 10 five tuies the energy density of a lead-acid car battery. Experimental studies
on sma! protwotypes (1-6 cm* area) show that such batteries now provide an energy capacity of up
0 200 Wh/kg. However, translating the promise of laboratory cells into a fully scaled-up
commercial battery, for example in electric vehicle propulsion, requires solving formidable
technological problems. Two of the most critical are manufacturing and nerworking. A number of
scaie-up issues are presenily being contronted by several groups|1,3,11,12]. Although the
manufacturability of these thin film materials may pose little ; roblems, since they can be processed
by conventional automated techniques, the abiliiy to link a number of cells tcgether with appronnate
series/parallel connections in either unipolar or bipolar medules and to cycle them without
individual cell failure poses a major challenge.

In order to scale-up any battery system, it 1s first important to modci the theoretical
performance behavior. A basic disadvantage of a polymer electrclyte battery is that the weight ancd
volume of essenual, but non-reactive, components, siuch as current collectors, bipolar connectors,
insulators etc., significantly reduce the achievable energy and power dznsities[2,12]. These
conuibutiqns must be minimised by the choice of appropriate materials and fabrication
technologies. Several materials can be used to increase the energy and power density of this
system. They include, low density metals (e.g. Al), metallized plastic current collectors and
electronically conductive polymers. In previous articles[12,13] the first two choices were used to
miodel the energy density and pulse power bchavior of a lithium polymer elecwrolyt. battery.

A common representation of a battery's performance is made through a Ragone piot that

describes the cell's specific power (W/kg) versus its delivered specific energy (Wh/ky). Most of the




cell perforrnance studies on polymer clectrolyte batteries have been based from an energy density
point of view. Little has been reported on the power density aspect of this system or the variation in
the energy and power density. The only group that has reported practical data describing the energy
and power relationship is IREQ(1.10,14]. They have investigated the behavior of two types of
lithium polymer electrolyte batieries. one 6perating at elevated temperatures (80° - 140°C) and the
other operating a: 25°C and below. The ceil configurations were designed for electric vehicle
propulsion and the generated Ragone piot data were compared to the conventional lead-acid and
nickel-cadmium batteries.

Although this kind of plot is 4 useful tool to describe a battery’s performance behavior, it
is import.nt to realize that there 1s a correlation between the cell performance and loading capacity
of the cathode where the full cell reaction take place. Cells with higher capacities {thicker cathodes)
will yield higher energies at low power with the added benefit of a relauve reduction in weight in
the active components. On the other hand, ceils with low capacities (thinner cathodes) will vield
higher powers and hence higher currents with correspondingly lower energies. Hence the
configuration of a particular battery svstem depends on the type of application.

This paper describes the theoretcal variation of the specific energy and power of a
lithium polvmer electrolvte battery. Only the unit cell case 1s considered with two types of current

collectors and different loadings of the positive electrode.

2.0  DESIGN CONCEPT

The unit cell design of the lithium polymer electrolyre battery utilizing an insertion type
cathode has already been described(!2]. In this paper the same variable parameters were
considered The weatment used to generate Ragone plots was that described by McLarnon et al.[15]
whereby only the ohmic contribution was concidzred. In such cases the cell’s voltage (V) and

power densites (P) are given respectively by,

V = V,-IR (1)
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P =1V = KV;-IR) (2)

The cell capacity was assumed to decrease linearly with increasing current and the

maximum cell current corresponded to a pseudo-ohmic potential drop equal to V. The cell’s

specific energy (L) is then given by,

E = VQ = (V- IRQU-(IR/V) (3)
Combining (2) and (3) gives[15],
P = V,YRIE/V Q)" (E/V,Q))] (4)

By taking into account the necessary weights of the active and inactive components, siinilar 10
those used in earlier studies{ 12], one obtains a relationship that describes the variation in the cell's

specific energy with specific power. The discharge rates considered in this paper were between

C/100 and 5C.

3.0 RESULTS AND DISCUSSION

Figure 1 shows the theoretically calculated Ragone plots for prismatic unit cells having a
cell area of 400 cm? utilizing Ni current collectors and variable cathode thickness. The cathodes
thicknesses were 1, 10 and 100 um. The plots indicate that high energy capacities are dominated by
the thicker cathode cells and high power capacities by the tuinner cathode cells. However, thereis a
limiting value in the cathode thickness whereby the power density does not increase any further
with decreasing cathode thickness and in fact tends to decrease. This is unexpected at first sight,

but a careful analysis of equation (4) indicates the equation to be inexact for cathode thicknesses

less than 10 pm. In addition, at very high rates of discharge, the calculation corresponds to the




%
S

bLeE

gt

ALhd i3

ohmic contribution being greater than V| (although this is not possible in practice) and this results
in a peak in the curve instzad of a plateau. None the less, equation (4) gives a good representation
for moderate thickness cells. For the 100 um thick cathode, the variaiion in the specific encrgics
with powers are large. Cell specific energies greater than 200 Wh/kg are calculated at ,ates lower
than C/5, but the speciiic power corresponds to less than 200 W/kg. Al high rates of discharge,
(2C). specific powers of about 860 W/kg are possible but with severe penalties in the specific
energy ( ~ 50 Wh/kg ). As the cathode thickness decreases, the weights of the inactive components
tends to become more significant as far as the energy densiry values are concerned and decreases
correspondingly. However, since the electrolyte thickness decreases proportionately(12], also, the
power density increases. For thinner cathodes, ( ~ 10 um ), the energy density vanes little with
discharge rates, but the specific power increases rapidly with higher rates of discharge. Power
densities greater than 3 kW/kg can be obtained at the 5C rate with specific energy values
corresponding to 36 Wh/kg.

Figure 2 shows Ragone plots for pnsmatic unit cells with metallized plastc current
collectors, 400 cm? cell area and again veriable cathode thickness. The same kind of benavior is
seen 1n this case as with the Ni current collector cell (Figure 1), in that a limiung value is reached in
the cathode thickness whereby the power density values actually decreases. A striking feaiure of
this plot is that it shows the effect of low density inactive components such as metallized plastic
current collectors on the energy and p~wer capabilities. The calculated energy density for the 160
pm thick cathode corrasponds to greater than 400 Whkg at discharge rates lower than C/5. This is
more than double the value for the N1 current coliecror cell calculated for the same rat2. At higher
rates of discharge, (2C), maximum specific power of 1.4 kW/kg are calculated. For the 10 um
thick cathode, the specific energy varies little with discharge rates as observed with, the Ni current
co.lecter type cells and is about 200 Wh/kg. However the specific power increases rapidly with
increasing discharge rates, and values as high as 18 kW/kg are calculated at the 5C rate.

Figure 3 shows a comparison of the Ragore plots for the Ni and metallized plasuc

current collector cells of area 40C ¢m? and 10 and 100 um thick cathodes. The tigure clearly

demonstrates that, as expected, by far the best energy is obrained for the thicker cathode ind

conversely the best power results for the thinner cathode. In addition. the use oi low density



current collectors such as metallized plastics has a strong impact in ircreasing the specific energies
and specific powers of the system.

Figure 4 shows Ragone plots for prismatic polymer electrolyte unit cells with Ni current
collectors and 100 um thick cathodes as a funcuon ¢ " cell areas. A limiting value is reached with
increasing cell areas. Optimum specific powers of 400 - 700 W/kg and optimum specific energies
of 150 - 200 Whykg are calculated &t moderate rates (C - 2C) of discharge for cell areas ranging

berween 100 and 400 cm-.

Figure 5 shows the corresponding Ragone plots for 100 pm thick cathode zells utilizing

metallized plastic current collectors. Again a limuting value is observed as the cell area increases,

T ey

which means that increasing the cell area excessively does not necessarily mean a large increase in

"
~

the specific energy or specitic power. Optinum cell areas corresponds to about 100 to 400 cm?

-

giving optimum specific energies of about 300 Wh/kg (2C rate) and optimum specific powers of

I

abour 1 kW/kg.

Figure 6 compares the calculated values from this work for 100 pm thick cathode cells
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values for a nickel-cadmium, lead-acid and a moderately scaled-up polymer electoly « vattery. The
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data for the polymer eiectrolyte bauery is derived from IREQ[1] and is for a 10 Wh demo cell

having an electrolyte thickness of 50 um wnd operating at 100°C. It is assuimed that the conductivity

of the electrolyte at this temperature 1s the same as that assuried in this work ( 10“4(Qcm)'1). The
electrolvie thickuess for a 100 um thick cathode in this case corresponds to 20 um[ 12]. This sheuld

resultin a much higher specific nower than that obtained by IREQ's practical demo cell. Figure 6

N

iy

et shows this to be the case. However, our calculated power values only include ohmic losses and
i, thus are higher. Although the comparison is not exact, it never the less demonstrates the operating
¥ .

range of this system. Utiliza* ~ of metallized plastic current collectors significantly increases the

energy and power capabilities In addition, for larger applications such as electric vehicle

propulsion, the use of bipolar eleciode configurations should further increase the specific energy
and power.
i The above results indicate that in order to scale-up th.s type of system, 1t is important to

know the theoretical perfonuance Limits for various configuratio »f cells. The modeling work




demonstrates that even after allowing tor sutticient polanizauon losses and assuming less than
100 cathode utilization, the lithium polyvmer clectrolyte battery appears to have several fold
advantage over the present day mickel-cadminm or lead-acid batteries. High specific energy and
high specitic power polymer electrolyte batteries can be successtully built only by optimizauioﬁ of
the variable parameters. The main goal of IREQ's technology is for the electric vehicle propulsion.
This requires high specitic sustained powers of over 100 W/kg tor 30 seconds or more for ¢ ample
in hill climbing, and high spectric energies greater than 50 W/kg for steady driving. It appears that

the lithium polymer ¢lectrolyte battery appears feasible tor this application.

40 CONCLUSIONS

The lithium solid state rechargeable polymenc electrolyte battery appears to be a highly
promising elecrochemical power source. High energy and power ratings have been calculated for
pris.natic unit cells. Considerably higher vilues of specitic energies and powers are predicted for

the bipolar design.

ACKNOWLEDGEMENT
This work was supported in part by the Oftice of Naval Research and the Defense

Advanced Research Projecis Agency.

REFERENCES

& (1]. M. Gauthier, A. Belanger, B. Kapfer, G. Vassort and M. Armand, in: Polymer electrolyte
§; reviews 2, eds. J. R. MacCallum and C. A. Vincent (Elsevier Applied Science, London,
E” 1989).
i [2].  A.Hooper, in: Matenals and processes for lithium batteries, eds. K. M. Abraham and
B. B. Owens (The Electrochemical Soc., Inc., NJ,1989) 15.
; [3]. M.Z. A. Munshiand B. B. Owens, Solid State Ionics. 26, (1988) 41.
: & (4]. K. M. Abraham, M. Alamgir and S. J. Perotti, J. Electrochem. Soc., 135, (1988) 535.

{5]. D. Shackles, Fourth Int'l Seminar on Lithium Battery Technology and Applications,

Mar. 6-8, Deerfield Beach, FL (1986).



(14].

t15].

[ S

P. M. Blonsky, D. . Shniver. P. Austin and H. R. Allcock, Solid State Tonics, 19/19,
(1986) 258.

C. Carre, T. Hamaide, A. Guyot and C. Mai, Brit. Polym. Jour. 20, (1988) 269.

D. Fish, I. M. Khan, E. Wu and J. Smid, 1bid. 20, (1988) 281.

C. V. Nicholas, D. J. Wilson, C. Booth and J. R. M. Giles, ibid. 20, (1988) 289.

. M. Gauthier, First Int'] Symposium on Polymer Electrolytes, St. Andrews,

Scodand,(1987).

. R.M. Dell. A. Hooper. J. Jense . T. L. Markin and F. Rasmussen, in: Advanced Batteries

and Fuel Cells, EUR 8660 EN, (1983).

. M.Z. A. Munshi and B. B. Owens, "Assessment of Thin Film Batteries Based on Polymer

Electrolytes, I - Energy Density “, this jeumal.

. M. Z. A. Munshi and B. B. Owens,"Assessment of Thin Film Batteries Based on Polymer

Electrolytes, II - Pulse Power Density”, ibid.
G. Vassort, M. Gauthier, P. E. Harvey, F. Brochu and M. Armand, 172nd Meeting of the
Elecmochemical Soc., Honolulu, Hawai, Oct. (1987).

F.R.":Larnon, E. J. Caimns and A. R. Landgtebe, Proc. 33rd Int'l Power Sources

Symposium, June, (1988).




TETIDLAL

X 4000
L . a  100um (NiC.C.)
E s 10um (NiC.C)
{ < 3000 | 1um (Ni C.C.)
b =
! @ 2000 |
; S )
b 2 r

2
E 2 1000 |
¥ c ¢ el
i
i * o}

° o]

E 0 L k: S 1 N 1 a,nm
- 0 100 200
E Energy Density / Wh/kg
]
3

Figure 1. Ragone plots for prismatic unit cells with N1 current collector,

. ) . .
200 cm~ cell area and variable cathode thickness.
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Figure 2. Ragone plots for prismatic unit cells with metallized plastic current collector,

400 cm< cell area and variable cathode thickness.
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